Solvent extraction experiments were performed to separate platinum and rhodium from mixed chloride solution by using amine and neutral extractants. Effects of extraction conditions on the separation of the two metals were investigated as a function of extractant concentration in the HCl concentration range from 1 to 9 mol/dm 3 . Alamine304-1, Alamine308, Alamine336, Aliquat336, TBP, TOPO and DOS were tested in our study. The concentration of Pt(IV) and Rh(III) in the mixed solution was fixed at 0.001 mol/dm 3 and 0.0001 mol/dm 3 , respectively. In the extraction with amine, Pt was completely extracted irrespective of HCl concentration, while the extraction percentage of Rh depended on extraction condition. In the extraction with neutral extractants, the extraction percentage of Rh was nearly zero whereas 1 mol/dm 3 TOPO completely extracted most of Pt in our experimental range. Separation of Pt from Rh by amines except Alamine336 was possible only from 9 mol/dm 3 HCl solution, while complete separation of the two metals by TOPO was possible in the HCl concentration range from 1 to 9 mol/dm 3 . From the consideration of the economics of the separation process, our results indicate that TBP is better than TOPO in separating Pt and Rh from chloride solution.
Introduction
Platinum group metals (PGMs) are extensively used in automobile, chemical and electronics industry owing to their specific physical and chemical properties. Since ores containing PGMs are rare and the processes for the production of PGMs with high purity from these ores are very complicated, recovery of PGMs from secondary sources such as spent catalysts has been of importance. Platinum and rhodium are used in automobile catalysts to reduce the emission level from the exhaust gas and the automobile industry consumes PGMs in a great measure.
1) The weight ratio of platinum to rhodium in the spent catalyst is about 10 : 1.
The most prominent feature of PGMs in chloride solution is that PGMs readily forms complexes with chloride ion. Among PGMs, the extraction of Rh has been known to be the most difficult owing to its intricate chemical properties in chloride solution.
2) Rhodium has seven existence forms of aqua-chloro complexes from Rh(H 2 O) 6 3þ to RhCl 6 3À .
2) The highly charged octahedral complexes are difficult to extract owing to steric effect.
2) It has been reported that the tendency for the PGMs-chloro complexes to form ion pairs with anion exchangers is: MCl 6 2À > MCl 4 2À ) MCl 6 3À .
3)
Many commercial amines, such as Alamine304-1, Alamine308, Alamine336, and Aliquat336, have been used in extracting and separating diverse metals. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] TBP, TOPO, and DOS have been widely used in the separation of base metals together with PGMs 13, 14) and in the refining of precious metals. 15, 16) The existence form of PGMs and availability of certain type of metal species are highly dependent on the acidity and chloride concentration in the aqueous solution. 17) According to the literature, Aliquat336 is more suitable in separating PGMs at low concentration of HCl, while tertiary amine or solvating extractants are more suitable at high concentration of hydrogen ion. 17) In this study, an optimum condition to separate Pt(IV) and Rh(III) from mixed chloride solution has been investigated by using several extractants, such as, Alamine304-1, Alamine308, Alamine336, Aliquat336, TBP, TOPO and DOS. By employing these extractants, the concentrations of HCl and extractant were varied and the extraction percentage of the two metals at each experimental condition was obtained. Considering the molar ratio of Pt to Rh in the spent catalysts, the molar ratio of the two metals in the mixed chloride solution was kept at 10. Moreover, an optimum stripping condition was reported to recover pure Pt(IV) from the loaded organic phase.
Experimental
Stock solutions of platinum and rhodium were prepared by dissolving the necessary amount of PtCl 4 (Aldrich, 98%) and RhCl 3 Á4H 2 O (Aldrich, 99.99%) in doubly distilled water. Throughout our experiments, the concentration of Pt(IV) and Rh(III) was controlled to 1 Â 10 À3 mol/dm 3 and 1 Â 10 À4 mol/dm 3 , respectively. The acidity of the mixed solution was adjusted by adding reagent HCl solution (Junsei Chem., 35%). Thiourea solution in the stripping experiments was prepared by dissolving certain amount of thiourea powder (Daejung chemicals & metals co., 96%) in doubly distilled water.
Alamine304-1, Alamine308, Alamine336, and Aliquat336 were purchased from Cognis corporation and were used without further purification. Chemical formula of each amine is represented in Table 1 . Except Alamine304-1, amine extractants were pretreated with HCl to form salt (R 3 NHCl) which takes part in the solvent extraction of metals.
Alamine304-1 was used as received for its solidification after the pretreatment with HCl solution. The concentration of extractant was adjusted by diluting with toluene.
TBP and DOS solutions were also prepared by diluting certain amounts of TBP (Yakuri pure chemicals co., 99%) and DOS (Aldrich, 97%) in toluene. TOPO solution was prepared by dissolving the necessary amount TOPO powder (Aldrich, 95%) in toluene. Chemical formula of each agent is also represented in Table 1 .
Some studies have reported that aging effect exists in handling rhodium chloride solution. 2, 14, 15, 18) Therefore, throughout our solvent extraction experiments, freshly prepared aqueous solutions were used. Equal volumes (20 cm 3 ) of aqueous and organic phases were mixed in a 100 cm 3 screwed cap bottle and shaken for 30 min with a wrist action shaker. The aqueous phase was separated after settling the mixture for 24 h. The organic phase was stripped by certain reagent at equal volume (20 cm 3 ). All the extraction and stripping experiments were carried out at ambient temperature. The concentration of metal in the aqueous phase was measured by ICP-OES (Spectro arcos). The concentration of metal in the organic phase was obtained by mass balance.
Results and Discussion

Separation of Pt(IV) and Rh(III) by amines
Effect of the concentration of amine extractant and HCl on the separation of Pt(IV) and Rh(III) was investigated. For this purpose, the concentration of amine extractant was varied from 0.1 to 0.7 mol/dm 3 , and HCl concentration was controlled from 1 to 9 mol/dm 3 . The composition of the mixed chloride solution was 1 Â 10 À3 mol/dm 3 Pt and 1 Â 10 À4 mol/dm 3 Rh. Figure 1 is the results obtained by Alamine304-1. In our experimental range, most of Pt(IV) was extracted irrespective of Alamine304-1 concentration in the HCl concentration range from 1 to 9 mol/dm 3 . However, the extraction percentage of Rh(III) was very low when Alamine304-1 concentration was 0.1 mol/dm 3 in the whole HCl concentration range. The extraction percentage of Rh was more than 50% when Alamine304-1 concentration was higher than 0.5 mol/dm 3 in 1 and 3 mol/dm 3 HCl solution. Extraction percentage of Rh decreased with the increase of HCl concentration at the same Alamine304-1 concentration and the extraction percentage of Rh was nearly zero at 9 mol/dm 3 HCl solution. Therefore, it might be concluded that Pt and Rh can be completely separated from mixed chloride solution by solvent extraction with Alamine304-1 by adjusting the concentration of HCl to 9 mol/dm 3 . The extraction reaction of Pt(IV) by amine can be represented as 2,10)
The above equation implies that the extraction of platinum decreases at higher concentration of hydrochloric acid owing to the mass action effect of chloride ions. 19, 20) However, the effect of HCl concentration on the extraction of platinum was not obvious in our system.
There are seven kinds of aqua-chloro complexes of Rh in chloride solution, and RhCl 6 3À is predominant at high concentration of HCl (9 mol/dm 3 ).
2) Extraction of RhCl 6
3À
by Alamine304-1 from strong HCl solution could be represented as:
When HCl concentration was low, extensive aquation reaction took place and Rh exists as a hydrophilic complex, such as RhCl
2À . Extraction reaction of this species by Alamine304-1 is represented below 2,21,22)
Anion exchange reaction is responsible for the decrease in the extraction percentage of Rh with the increase of HCl concentration from 1 to 9 mol/dm 3 . Mass action effect of chloride ion suppressed the extraction of Rh by Alamine304-1 at high HCl concentration. Figure 2 shows extraction percentage of Pt and Rh by Alamine308. Extraction percentage of Pt was higher than 99% in our experiment conditions, while that of Rh depended on the concentration of HCl and Alamine308. When HCl concentration was 1 and 3 mol/dm 3 , extraction percentage of Rh increased linearly with the increase of Alamine308 concentration. However, in strong HCl solution from 5 to 9 mol/dm 3 , extraction percentage of Rh was nearly zero. Hence it is possible to separate Pt and Rh when HCl concentration is higher than 5 mol/dm 3 . Figure 3 shows the experimental results obtained with Alamine336. Extraction behavior of Pt by Alamine336 was similar to those results obtained by Alamine304-1 and Alamine308. Most of Pt was extracted into Alamine336 in our experimental range. However, the concentration of HCl and Alamine336 had a great effect on the extraction of Rh by Alamine336. Unlike Alamine304-1 and Alamine308, about 10% of Rh was extracted from 7 and 9 mol/dm 3 HCl solution by Alamine336. Extraction percentage of Rh was similar to each other when the concentration of HCl was 1 and 3 mol/dm 3 . When HCl concentration was 5 mol/dm 3 , extraction percentage of Rh by Alamine336 was around 60%. Figure 4 shows the experimental results obtained by Aliquat336. As is shown in Fig. 4 , extraction percentage of Pt was higher than 99% in our experimental range. The highest extraction percentage of Rh was 30% at 1 mol/dm 3 HCl. Although extraction percentage of Rh at 7 mol/dm 3 HCl was slightly higher than that at 9 mol/dm 3 , extraction percentage of Rh was nearly zero when HCl concentration was higher than 5 mol/dm 3 . Extraction percentage of Rh decreased with increasing HCl concentration from 1 to 9 mol/dm 3 . In the extraction with Alamine308 and Aliquat336, separation factor between Pt and Rh by Aliquat336 was higher than that by Alamine308. Therefore, Aliquat336 was found to be the best amine extractant for the separation of Pt and Rh from mixed chloride solution in our experimental range.
Solvent extraction reaction of Pt and Rh from chloride solution by amines follows anion exchange mechanism. Amines belong to strong-base extractant and are readily protonated in inorganic acid solution. The difference in the extraction percentage by amine between Pt and Rh might be related to the tendency to form chloro-complexes with anion exchanger, MCl 6 2À ) MCl 6 3À . Therefore, extraction percentage of Pt was much higher than that of Rh in our experimental range.
Separation of Pt(IV) and Rh(III) by TBP, TOPO,
and DOS Separation experiments of Pt and Rh from mixed chloride solution were also carried out by using neutral extractants, such as TBP, TOPO, and DOS. The concentration of HCl of the mixed solution was varied from 1 to 9 mol/dm 3 . TBP concentration was varied from 0.5 to 2 mol/dm 3 , and the results are shown in Fig. 5 . Extraction percentage of Rh was zero at all the HCl concentration in our experimental range. In the case of Pt, extraction percentage depended on the concentration of HCl and TBP. When HCl concentration was 1 mol/dm 3 , extraction percentage of Pt was low. However, extraction percentage of Pt increased with the increase of HCl concentration up to 7 mol/dm 3 and then decreased at 9 mol/dm 3 HCl. Low extraction percentage of Rh by TBP has been pointed out in the literature. 15, 21) The maximum value of Pt extraction percentage was 81% at 7 mol/dm 3 HCl by 2.0 mol/dm 3 TBP. The extraction reaction of Pt by TBP might be expressed as: In order to compare the extraction behavior of the two metals by TBP, TOPO, and DOS, solvent extraction experiments with TOPO and DOS were done by varying HCl concentration from 1 to 9 mol/dm 3 . In these experiments, the concentration of TOPO, and DOS was fixed at 1 mol/dm 3 , and the results are shown in Fig. 6 . Extraction percentage of Rh by the above three extractants was nearly zero at all the HCl concentration investigated in this study. At the same time, less than 10% of Pt was extracted by DOS while most of Pt was extractaed by TOPO irrespective of HCl concentration. Therefore, TOPO was found to be superior to TBP and DOS in extracting and separating Pt and Rh from the mixed chloride solution.
Solvent extraction reaction of Pt and Rh by TBP and TOPO may be same and follows solvation mechanism. 23) In terms of their structure as shown in Table 1 , the difference in the extraction abilities between TBP and TOPO might be correlated with their donor ability of phosphoryl oxygen. 24) They are separately affected by three electron donation groups [CH 3 (CH 2 ) 7 -] in TOPO and electron withdrawing groups [CH 3 (CH 2 ) 3 O-] in TBP, so donor ability of phosphoryl oxygen follows the order: TOPO > TBP.
Our experimental results show that amine extractants except Alamine336 can separate Pt from Rh from 9 mol/dm 3 HCl solution. In the extraction by neutral extractants, Rh was not extracted by TBP, TOPO, and DOS, and the extraction percentage of Pt depended on HCl concentration and on the nature of extractants. Among the neutral extractants, extraction with TOPO led to complete separation of Pt from Rh from not only weak but also strong HCl solution in our experimental range.
Stripping
In the solvent extraction of Pt(IV) and Rh(III) by 1 mol/dm 3 TOPO, most of Pt was extracted while Rh remained in the aqueous solution. In order to find an optimum condition for the stripping of Pt from the loaded TOPO phase, stripping experiments have been done. At first, HCl solution was chosen as a stripping agent and Table 2 shows the results on the variation of stripping percentage of Pt with HCl concentration. In the HCl concentration range from 0.01 to 0.5 mol/dm 3 , stripping percentage of Pt was lower than 0.1%.
It has been reported that mixture of HCl and thiourea can strip Pt from the loaded Alamine336, Alamine308, Aliquat336 organic phase after solvent extraction from chloride solution. 7, 25, 26) Therefore, mixture of HCl and thiourea was tried to strip Pt from the loaded TOPO phase. In these experiments, the concentration of thiourea was changed from 0.1 to 1 mol/dm 3 , while HCl concentration was kept at 0.5 mol/dm 3 , and the results are shown in Fig. 7 . The stripping percentage of Pt increased with increasing the concentration of thiourea, and 80% of Pt was stripped by a mixture of 0.5 mol/dm 3 HCl and 1 mol/dm 3 thiourea. The concentration of Rh in the stripped solution was negligible. In the absence of thiourea, the stripping percentage of Pt by 0.5 mol/dm 3 HCl was below 0.1%. Addition of thiourea to HCl solution has a dramatic effect in increasing the stripping of Pt from the loaded TOPO. Increase in the stripping percentage of Pt in the presence of thiourea might be related with the fact that thiourea is a soft ligand. Therefore, thiourea is effective in stripping Pt(IV) from the loaded TOPO through the formation of Pt(thiourea) 4 þ4 , which is water soluble. 27) In the extraction with TBP, the highest extraction percentage was 81% at 7 mol/dm 3 HCl by 2.0 mol/dm 3 TBP. However, stripping of metal from the loaded TBP phase is very easy. It has been reported that Pt can be easily stripped from the loaded TBP phase by using distilled water. 28) Although TOPO can extract most of the Pt from the mixed solution in our experimental range, stripping of Pt from the loaded TOPO phase can be possible by using a mixture of thiourea and HCl. In terms of the ease of the stripping from the loaded phase, TBP is better than TOPO.
Comparison of the separation of Pt and Rh from the mixed chloride solution by using TBP and TOPO is shown in Table 3 . Considering that the feed solutions of both conditions are acid solution, we omit the difference in equipment requirement in practice. The costs to obtain same amount of platinum aqueous solution can be calculated on the basis of the prices shown in Table 4 . By calculation, the cost of separation of Pt and Rh by using TOPO is much higher than that of TBP. Besides, after regeneration of TBP, platinum chloride solution will be obtained, while in the case of TOPO, the solution containing Pt(thiourea) 4 þ4 will be obtained. Obviously, it is much easier to deal with platinum chloride than Pt(thiourea) 4 þ4 . Therefore, if this study could be put into practice, we recommend separate Pt and Rh from mixed chloride solution by using TBP.
Conclusion
Solvent extraction separation experiments of Pt(IV) and Rh(III) were performed by using Alamine304-1, Alamine308, Alamine336, Aliquat336, TBP, TOPO, and DOS from mixed chloride solution. In our experimental range, most of Pt was extracted from the mixed solution by using amines and TOPO. In the extraction with amine, extraction percentage of Rh depended on HCl concentration and the nature of extractant. In the case of Alamine304-1, Alamine308, and Aliquat336, extraction percentage of Rh was nearly zero at 9 mol/dm 3 HCl concentration, while about 10% Rh was extracted into Alamine336 from 9 mol/dm 3 HCl solution. In terms of separation factor, Aliquat336 was found to be better than other amines. In the extraction with TBP, TOPO, and DOS, extraction percentage of Rh was nearly zero irrespective of HCl concentration. While extraction percentage of Pt by TBP and DOS was low and depended on HCl concentration, extraction percentage of Pt was 99% by 1 mol/dm 3 TOPO in the HCl concentration range from 1 to 9 mol/dm 3 . In the case of amine extractants except Alamine336, separation of Pt and Rh was possible only from 9 mol/dm 3 HCl solution. However, it was possible to completely separate Pt and Rh from weak HCl solution as well as strong HCl solution by using TOPO. In terms of economics of the separation process and the ease of handling the stripping solution, TBP is better than TOPO in separating both metals from chloride solution. 
